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Stem cells have the capacity to diﬀerentiate into various lineages, and the ability to reliably direct stem cell fate determination
would have tremendous potential for basic research and clinical therapy. Nanotopography provides a useful tool for guiding
diﬀerentiation, as the features are more durable than surface chemistry and can be modiﬁed in size and shape to suit the desired
application. In this paper, nanotopography is examined as a means to guide diﬀerentiation, and its application is described
in the context of diﬀerent subsets of stem cells, with a particular focus on skeletal (mesenchymal) stem cells. To address the
mechanistic basis underlying the topographical eﬀects on stem cells, the likely contributions of indirect (biochemical signal-
mediated) and direct (force-mediated) mechanotransduction are discussed. Data from proteomic research is also outlined in
relation to topography-mediated fate determination, as this approach provides insight into the global molecular changes at the
level of the functional eﬀectors.
1.Introduction
It is becoming increasingly evident that stem cells are highly
sensitive to their environment and will respond to cues
provided by chemistry [1], stiﬀness in two- [2] and three-
dimensional (3D) culture [3], and topography [4, 5]. This
paper will focus on stem cell (primarily skeletal stem cell)
responses to nanotopography and its mechanistic basis.
The natural environment of the cell has complex chem-
ical and topographical cues, which will diﬀer between a
structuredsurfaceandtheuncharacterisedsurfacesnormally
used for in vitro culture. Cells may encounter diﬀerent
sizes of topographies, ranging from macro- (such as the
shape of bone, ligaments, or vessels), to micro- (such as
the arrangement, morphology, and projections of other
cells) and nanoscale features (such as collagen banding,
protein conformation, and ligand presentation) [6, 7], each
of which has the potential to inﬂuence cell behaviour and
functionality. An early study by Carrel and Burrows in 1911
showed that cells were responsive to shape cues [8], and over
thelastdecade,theeﬀectsofmicrotopographyhavebeenwell
documented. Microtopographies, which include micropits,
microgrooves, and micropillars, frequently guide the cell
body by physical conﬁnement or alignment. These substrata
can induce changes in cell attachment, spreading, contact
guidance, cytoskeletal architecture, nuclear shape, nuclear
orientation, programmed cell death, macrophage activation,
transcript levels, and protein abundance [9–14].
Critically, evidence is also gathering on the importance
of nanoscale dimensions in the design of the next gen-
eration of tissue-engineering materials, as these features
are capable of modulating cell responses. Interaction with
nanotopographies can alter cell morphology [15], adhesion
[16], motility [17], proliferation [18], endocytotic activity
[19], protein abundance [20, 21], and gene regulation [22].
Nanotopographical responsiveness has been observed in2 Journal of Tissue Engineering
diverse cell types including ﬁbroblasts [18, 22], osteoblasts
[23], osteoclasts [24, 25], endothelial [15], smooth muscle
[26], epithelial [27, 28], and epitenon cells [16]. This is
intriguing from a biomaterials perspective as it demonstrates
that surface features of just a few nanometres can inﬂuence
how cells will respond to, and form tissue on, materials.
To date, the smallest feature size shown to aﬀect cell
behaviour was 10nm [29], which illustrates the impor-
tance of considering the topographical cues deliberately or
inadvertently presented to cells during in vitro culture and
implantation of devices. As a growing number of precision
nanofabrication techniques become available to the stem
cell biologist, including electron beam lithography [30, 31],
photolithography [32], polymer phase separation [33, 34],
and colloidal lithography [35], it becomes possible to begin
todissectouttheeﬀectsofnanotopographyonstemcellsand
use the materials as noninvasive tools to investigate cellular
functioning.
2. Stem Cells and Topography
The use of topographically patterned substrates for culturing
cells has one clear advantage over the use of deﬁned media—
it allows cell growth and development to be tailored to
a speciﬁc application without the need to use potentially
harmful chemicals in the body. Tissue engineering successes
with terminally diﬀerentiated cells include the generation
of skin [36], tissue-engineered airway [37], and a whole
bladder [38]. The use of stem cells in tissue engineering
not only opens up the potential to produce patient-speciﬁc
tissues, reducing the risk of immune rejection, but through
the understanding of material properties that elicit speciﬁc
responses could in the future allow the formation of complex
tissues.
Stem cells, including embryonic, foetal, and adult,
have two key properties: (1) the ability to self renew
and (2) they are undiﬀerentiated. One main diﬀerence
between embryonic and adult stem cells, however, is that
embryonic stem (ES) cells are pluripotent and therefore
have the ability to form all three germ layers: ectoderm,
endoderm and mesoderm whereas adult stem cells are
considered multipotent and normally only have the ability
to replenish cell types present in their tissue of residence.
Ethical issues surrounding ES cells, as well as the relative
accessibility of adult stem cells, make adult stem cells a
more desirable target. Embryonic stem cells also require a
feeder layer (mouse embryonic ﬁbroblasts (MEFs)) when
cultured in vitro, which helps to maintain the stem cells’
self-renewal and proliferative capacity but makes ES cells
less feasible as an experimental system due to the risk of
transmitting viral infections. As the development of cultures
without the need for feeder layers becomes more prevalent,
this may change [39]. Adult stem cells include skeletal
(also known as mesenchymal), neural, and haematopoietic
stem cells. Induced pluripotent stem cells have recently
emerged as an exciting further avenue to study adult stem
cells induced to become pluripotent embryonic-like cells
[40–42].
2.1. Embryonic Stem Cells. T h em a i na i m so fb i o m a t e r i a l s
for stem cell culture are to provide cues that direct the
diﬀerentiation of stem cells into a speciﬁc cell lineage and
to allow the stem cells to remain undiﬀerentiated but still
undergo proliferation and self-renewal. Embryonic stem cell
response to topography has been documented in terms of
both controlled diﬀerentiation [43, 44] and retention of self-
renewal/proliferative capabilities. On the latter topic, one
such paper examined the eﬀect of grooves with varying pitch
from 400nm up to the microscale at 4000nm on human
ES cell diﬀerentiation and self-renewal in the presence and
absence of a feeder layer [44]. In culture, ES cells are prone
to spontaneous diﬀerentiation, leading to a reduction in
their self-renewal and pluripotent capacity. McFarlin et al.
(2006) [45] showed that culture of human ES cells on
nanogrooves in the presence of a feeder layer signiﬁcantly
reduces the rate of spontaneous diﬀerentiation relative to
ES cells cultured on feeder layers alone [44]. Interestingly,
however, they also reported that when ES cells were cultured
onthenanogroovesintheabsenceofafeederlayer,therateof
spontaneous diﬀerentiation increased compared with those
cultured with only a feeder layer. These results indicate that
ES cells may be inﬂuenced by topography in a contextual
manner, and their response therefore also depends on other
external factors.
The ability to control self-renewal and proliferation of
ES cells using topography has also been studied using mouse
ES cells in response to 3D nanoﬁbres but importantly in the
presence of only 5% of the original feeder layer MEFs [45,
46].ThestudyshowedthatmouseEScellsculturedonthe3D
nanoﬁbrillar surfaces had an increased rate of proliferation
in comparison with those cultured solely on glass coverslips.
The authors noted raised Nanog levels on the 3D nanoﬁbres,
and Nanog is a protein required for the maintenance of
stem cell pluripotency. These results indicate that the 3D
nanoﬁbre structures may provide an alternative method
for maintaining self-renewal and proliferation capacities in
mouse ES cells as eﬀectively as feeder layers alone.
2.2. Skeletal Stem Cells. Skeletal stem cells [47], found in
the bone marrow, have been shown to diﬀerentiate into
various cell types including osteoblasts, adipocytes [48],
chondrocytes [49], smooth muscle cells [2, 50], and, contro-
versially, neurons [51, 52]. In most of these cases, however,
diﬀerentiation of the stem cells has required the use of
diﬀerentiation factors, such as dexamethasone for osteogenic
diﬀerentiation, insulin for adipogenic diﬀerentiation, and
hydrocortisone for smooth muscle cell diﬀerentiation. There
is now compelling evidence that topography alone can
produce the same eﬀect. This is particularly attractive given
that induction by some of these medium supplements,
although successful, is not physiologically relevant and
oﬀers the possibility for development of improved clinical
prostheseswithtopographiesthatcandirectlymodulatestem
cell fate.
The eﬀect of nanotopographical variation on the diﬀer-
entiation of skeletal stem cells has been noted in several key
studies. The ﬁrst of these examined Stro-1 enriched skeletal
stem cells cultured on nanopits (120nm diameter, 100nmJournal of Tissue Engineering 3
depth) with varying degrees of disorder and geometry,
ranging from an absolute square and controlled disorder
to a random arrangement embossed into the polymer
polymethylmethacrylate (PMMA) [4]. Key observations of
this study were that when cultured speciﬁcally on nanopits
with a controlled disorder of ±50nm (NSQ50) from their
true centre, skeletal stem cells expressed particularly high
levels of bone cell markers (Figure 1). This was comparable
with the results from stem cells cultured on control planar
substrates in medium supplemented with dexamethasone
and ascorbic acid, a chemical enhancer of skeletal stem cell
diﬀerentiation down the osteogenic lineage, but in contrast
to that of the square or random topographies. Skeletal
stem cells cultured on planar control substrates without
osteogenic medium had negligible amounts of bone cell
markers and appeared to have a bipolar ﬁbroblastic-like
appearance. Further evidence gathered from quantitative
real-time PCR (polymerase chain reaction) and microarray
data revealed an increase in expression of genes associated
with bone cell development, comparable with those in cells
on the ﬂat surface in osteogenic medium, and considerably
higher than expression levels from cells on the supplement-
free planar controls.
In a followup study, a temporal diﬀerentiation proﬁle
of skeletal stem cells cultured on the osteoinductive NSQ50
topography was carried out in reference to the classical
osteogenic diﬀerentiation proﬁle laid out by Stein and Lian
[53]. This study examined the skeletal stem cell mark-
ers Stro-1 and ALCAM (activated leukocyte cell adhesion
molecule), together with the bone cell markers osteocalcin
and osteopontin, to examine the progression from an
undiﬀerentiated stem cell towards a committed bone cell.
It was found that the skeletal stem cells cultured on the
NSQ50 topography had a normal diﬀerentiation proﬁle in
linewiththeproposedosteogenicdiﬀerentiationmodel.This
provides furtherevidencethat diﬀerentiation ofskeletal stem
cells cultured on nanotopography can produce an equally
eﬀective, if not superior, method for diﬀerentiation than
chemical induction [54].
A recent study of the eﬀect of carbon nanotube dimen-
sions on skeletal stem cell fate revealed that by increasing
the diameter size of the nanotubes from a range of 30nm up
to 100nm, it was possible to alter the adhesion, elongation,
and diﬀerentiation of these stem cells [5]. It was shown
that the 30nm nanotubes had a higher number of adherent
cells with a more rounded morphology, in contrast to that
of the stem cells cultured on the 100nm nanotubes, which
developed highly elongated morphologies with a low level
of cell adhesion. Osteogenic diﬀerentiation of the skeletal
stem cells in this study was observed to occur on the carbon
nanotubes with a 100nm diameter, with negligible amounts
of osteogenic markers observed on carbon nanotubes of
50nm or less. Interestingly, the authors also investigated
the relationship between pore size and initial cell density,
relating to work performed by Pittenger et al. (1999) [48]
and McBeath et al. (2004) [1] which indicated that a lower
seeding density led to skeletal stem cell diﬀerentiation into
osteoblasts,withahigherseedingdensitypredisposingdiﬀer-
entiationintoadipocytes.Ohetal.(2009)[5]discoveredthat
there was an inverse correlation between pore size and cell
density as found on the 100nm nanotubes, which ultimately
led to an increase in osteogenic gene expression, consistent
with the study by McBeath et al. (2004) [1].
In a further study, skeletal stem cells were shown to
diﬀerentiate down a nonskeletal lineage, a process known as
transdiﬀerentiation and a somewhat controversial topic. The
skeletal stem cells were seen to diﬀerentiate down a neuronal
lineage as evidenced by the upregulation of mature neuronal
cell markers, MAP2 (microtubule-associated protein 2) and
β-tubulin III, when cultured on nanogratings of 350nm
depth and 700nm pitch, in the absence of neuronal diﬀer-
entiation medium [52]. Pitch is a term used to describe the
repeatingunitcomprisedofagrooveandaridge(inthiscase,
bothwere350nmwide).Thesesubstratesinducedalignment
of the nuclei and cytoskeletal ﬁlaments. Quantitative real-
time PCR also showed that expression of MAP2 was
consistentlyhigherinskeletalstemcellsculturedover14days
on the nanotopography without retinoic acid, a neuronal
diﬀerentiation factor, than that of skeletal stem cells cultured
on planar PDMS (poly(dimethylsiloxane)) supplemented
with retinoic acid. This indicated that nanotopography alone
might have a stronger inﬂuence upon skeletal stem cell
diﬀerentiation than chemical induction alone. Interestingly,
a later study showed that ES cells could also be prompted
to diﬀerentiate along a neuronal lineage on nanogrooved
substrates of 500nm depth and 700nm pitch [55], which
conﬁrmed that nanogrooved cues are useful for stimulating
the development of neural tissue.
Recently, low oxygen conditions (2% oxygen) were used
in the culture of skeletal stem cells on nanogrooves (250nm
depth, 700nm pitch). The low oxygen tension promoted
the retention of stem cell markers including Oct-4 and Sox-
2 for longer than under normoxic conditions and reduced
cell clustering and spontaneous diﬀerentiation, allowing the
formation of a conﬂuent monolayer [56]. The low oxygen
conditions enhanced cell alignment to the nanogrooves and
increased ECM secretion, but the nuclei were less elongate
onthenanogroovedsubstrateunderhypoxicconditions.The
authors proposed that increased ECM production reduced
the need for cell elongation, and that the altered tension
could be contributing to changes in gene expression. The
potential mechanistic basis of such tensional eﬀects will
be discussed in the next section. The hypoxia study, and
research by McFarlin et al. (2006) [45], suggested that in
vitro culture conditions should be explored in greater depth
to gain a deeper understanding of the cellular response
to topography. Such knowledge would have the potential
to enhance the utility and eﬃcacy of nanotopography in
translational research.
2.3. Neural Stem Cells. Neural stem cells found in the brain
are known to give rise to three types of cells: neurons,
astrocytes,andoligodendrocytes.Thelattertwoareclassedas
nonneural cells, but function in the support and protection
of neurons. As mentioned previously, the two main aims of
biomaterials are to provide cues for directed diﬀerentiation,
and secondly, to retain proliferation without diﬀerentiation.
In the following example, both of these criteria were met4 Journal of Tissue Engineering
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Figure 1: Bone protein expression in skeletal stem cells cultured on osteoinductive nanotopography. Skeletal stem cells cultured for 28 days
on NSQ50 nanopits (a, c) or planar controls (b, d) and stained using immunoﬂuorescence for bone cell markers osteocalcin (a, b; green) or
osteopontin (c, d; green), with co-staining for actin (red) and nuclei (DNA—blue). Bar: 100μm.
by polymer ﬁlms with a honeycomb-like microtopography
[57]. By varying the pore diameter of the honeycomb
ﬁlm it was possible to control whether rat neural stem
cells diﬀerentiated into neurons, as indicated by expression
of MAP2, or whether proliferation could occur without
diﬀerentiation, as indicated by the expression of Nestin, a
neuronal stem cell marker. It was found that by increasing
the pore size of the honeycomb ﬁlm above 5μm, this
enhanced the diﬀerentiation of neuronal stem cells into
mature neurons with the eﬀect being more prominent as
the pore size was increased to 15μm. In contrast, pore sizes
below 5μm suppressed diﬀerentiation, with the majority of
cells expressing Nestin in the absence of MAP2. Neuronal
stem cell diﬀerentiation has also been shown to occur on
micropatterned grooved substrates [58] and electrospun
ﬁbres [59].
3.TheMechanisticBasisof
Stem Cell Response to Topography
T h ea b i l i t yt oc o n t r o ls t e mc e l ld i ﬀerentiation using topog-
raphy alone has focused attention on elucidating the mecha-
nism by which a cell perceives these topographical cues and
relays this information into the nucleus to initiate a cellular
response. A key idea that appears to be corroborated in each
of the papers outlined in the previous section is the inﬂuence
of cell adhesion to the topography. It has been proposed,
for example, that the eﬀects of nanotubes on skeletal stem
cells [5] and on cell attachment to honeycomb ﬁlms [60]
were due to alterations in the surface area available for
protein adsorption, restricting extracellular matrix (ECM)
deposition and therefore the size of the initial cell adhesions
that can form.
Focal adhesions, the sites of cell attachment to the
underlying substrate, play a pivotal role in all subsequent
c e l la c t i o n si nr e s p o n s et on a n o t o p o g r a p h y .T h e s ed y n a m i c
adhesions are subject to complex regulation involving inte-
grin binding to ECM components, and the reinforcement of
the adhesion plaque by recruitment of additional proteins.
In addition to their adhesive functions, integrins mediate
bidirectional signalling between the cell and the ECM,
activating both direct mechanotransductive signalling and
indirect molecular cascades that regulate transcription factor
activity, gene and protein expression, and ultimately growth
and diﬀerentiation, as will be discussed in the following
sections.
3.1. Cell Adhesions. The initiating event in tissue neogenesis
is the transition of a pluri- or multipotent cell population
into tissue-forming, diﬀerentiated cells—a process con-
trolledbysequentialactivationofdiverse signallingpathwaysJournal of Tissue Engineering 5
and transcription factors that regulate the expression of spe-
ciﬁc genes. It is becoming increasingly clear that epigenetic
modulation of cellular behaviour and subsequent cellular
diﬀerentiation is highly regulated by mechanotransductive
events, and that topographical modiﬁcation may be a viable
strategy to regulate this process.
Studies to date indicate that integrin clustering and the
formation of focal adhesions are modulated by nanofeatures
in vitro [61–63], and that subsequent changes in both
focal adhesion density and length are linked to changes in
stem cell function and diﬀerentiation [64, 65]. Topographic
features, such as pillars, islands, or pits, with an interfeature
or z-scale dimension greater than 50–60nm impair focal
adhesion formation and the cell response (Figure 2(a))[ 62,
66–68]. Conversely, decreasing the interfeature distance or
z-dimension beyond 50nm or increasing to the microscale
facilitates stem cell adhesion and functional diﬀerentiation
[69, 70]. The focal adhesion plaque undergoes anisotropic
growth with increased intracellular tension leading to elon-
gation and integrin clustering. Critically, this elongation is
associatedwithbothanincreaseincytoskeletalstrengthening
and the recruitment of focal adhesion-associated signalling
molecules (Figure 2(b)).
The integrin-dependent signalling pathway is mediated
by nonreceptor tyrosine kinases [71], most notably focal
adhesion kinase (FAK), which is constitutively associated
with the β-integrin subunit. FAK localises at focal adhesions
or focal contacts and can inﬂuence cellular transcriptional
events through adhesion-dependent phosphorylation of
downstream signalling molecules. In particular, the extra-
cellular signal-regulated kinase (ERK) signalling cascade
[72, 73], a member of the mitogen-activated protein kinase
(MAPK) family of pathways, is activated by focal adhesion
elongation and acts as a mediator of cellular diﬀerentiation
[74]. Furthermore, it has been shown that ERK 1/2 is
translocatedtothenucleusincellsculturedontopographical
features [75] and that this aﬀects the expression of cellular
transcription factors and modulates diﬀerential function
[76].
Primitive cells of the embryonic inner cell mass undergo
integrin-dependent activation of ERK1/2 during early gas-
trulation, inducing cellular diﬀerentiation and the forma-
tion of the primitive endoderm [77]. Yee et al. (2008)
proposed an elegant model to explain how ERK signalling
might become activated through increased binding of α5β1
integrins to extracellular matrix proteins [78], whereby
increased FAK recruitment to the adhesion plaque induces
downstream ERK-dependent diﬀerentiation. This model
not only provides an insight to the mechanisms of focal
adhesion-dependent diﬀerentiation, but more importantly,
also indicates that nanotopographical surface modiﬁcation
may directly regulate stem cell diﬀerentiation.
Functional diﬀerentiation in skeletal stem cell popu-
lations is highly dependent on focal adhesion formation
and cellular spreading, processes which are, to a degree,
dependent on nanotopographical cues [79]. Indeed, it has
been reported that adipogenic diﬀerentiation of skeletal stem
cells versus osteospeciﬁc diﬀerentiation is directly related
to cellular spreading [1]. It can be inferred that nanoscale
features inﬂuence diﬀerential pathways in adherent stem cell
populations by modulating integrin clustering and adhesion
formation [80], and that subsequent activation of FAK acts
to regulate the ERK signalling pathway and inﬂuence stem
cell diﬀerentiation and tissue neogenesis. Indeed, recent
studies suggest that phosphorylation of both FAK and ERK
is inﬂuenced by nanoscale topography [65, 81], and that
FAK activity indirectly regulates stem cell diﬀerentiation
[82]. Further to this, both ERK signalling and focal adhesion
formation are decreased in skeletal stem cell populations
cultured on topographical features that approach 100nm in
height [64].
In the previous section, studies were discussed that illus-
tratedthatskeletalstemcellscouldpreferentiallydiﬀerentiate
into either osteoblasts or adipocytes as an eﬀect of variations
in cell seeding density. This is possible because adipogenic
and osteogenic cells share part of the early diﬀerentiation
cascade followed by other, partly unknown, signals that
determine commitment to one of these lineages. Studies
suggest that a reduction in cellular adhesion, cytoskeletal
development, and deactivation of FAK induce adipospeciﬁc
diﬀerentiation [83, 84], perhaps indicating that antiadhesive
nanotopographies may be employed to direct progenitor cell
diﬀerentiation [85] and reduce osteospeciﬁc diﬀerentiation.
Conversely, nanotopographical modiﬁcation that induces
an increase in integrin-substratum interaction and cellular
spreading may be employed to induce osteospeciﬁc diﬀer-
entiation. Indeed, mesenchymal stem cells have been shown
to undergo osteospeciﬁc diﬀerentiation and functional tissue
formation when cultured on nanoscale topographies, which
increase focal adhesion frequency and elongation (Figure 2)
[70, 86].
3.2. Mechanotransduction. Modulation of focal adhesions
will alter cellular mechanotransduction, which is described
in more detail in this section. Mechanotransduction is the
process by which external mechanical stimuli (including
cell stretch, compression, and interaction with topography)
are transmitted into the nucleus, resulting in adaptive
gene- and protein-level changes. As has been discussed,
signallingcascadescanbeinducedatfocaladhesions,leading
to indirect downstream eﬀects on gene expression. Direct
mechanotransduction, in contrast, involves physical pulling
of the cytoskeleton on the nucleus, and has the potential to
modify gene transcription by imposing mechanical forces on
nuclear components. This section will focus on the lesser-
known direct mechanotransduction.
Nanotopography presents nanoscale features to cells that
can lead to changes in the number, size, and arrangement of
focaladhesions[80],redistributionofcyto-andnucleoskele-
tal elements [63], and altered cell and nuclear morphologies
[63]. Thus, nanostructured surfaces induce rearrangements
of cellular architecture that promote both signalling eﬀects
and direct mechanical changes in the cell. This combination
of chemical signals and physical forces leads to the changes
in transcript and protein abundance that have been observed
using microarray studies of various cell types on nanopits
[87], nanopillars [63], nanoislands [22], nanogrooves [65],
and partially disordered nanopatterns [4], and a proteomic6 Journal of Tissue Engineering
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Figure 2: Nanotopographical control of focal adhesion formation in human osteoblast cells. (a) Focal adhesion length and frequency are
reduced on 100nm deep nanopit substrates which inhibit integrin clustering. (b) Conversely, 300nm high nanostep topographies facilitate
integrin clustering and “supermature” adhesion elongation. Bar:3 0μm.
examination of osteoprogenitor response to nanodisordered
surfaces [20].
Signalling cascades are initiated by exertion of mechan-
ical forces at focal adhesions, leading to sequential post-
translational modiﬁcation (principally phosphorylation)
events that transfer the message into the nucleus, and
stimulate transcriptional eﬀects. Focal adhesions are critical
inducers of downstream signalling in response to nanoto-
pography. Physical pulling on focal adhesions can promote
their growth in response to tyrosine phosphorylation of the
GTPase Rho [88], which illustrates the mechanosensitivity
of these sites. As discussed earlier, adhesions are linked to the
extracellular matrix via integrins, which are capable of bidi-
rectionalsignalling,andcanbecomecross-linkedinresponse
to mechanical force [89]. These sites are rich in vinculin and
possesskinasessuchasFAK[90].Theproteincompositionof
adhesions has been shown to change in response to mechan-
ical stretch, which was demonstrated using binding assays
in extracted cytoskeletons and green ﬂuorescent protein-
(GFP-) tagged protein localization studies [91]. Tension
can also induce conformational changes in focal adhesion
proteins. It has been shown, for example, that tensile
force could modify the shape of talin, allowing it to bind
additional vinculin [92], and the functionality of the adapter
proteinp130Casinthepromotionofintegrinsignalling[93].
Tensile strain has been shown to promote relocation of a
transcriptional coactivator (myocardin-related transcription
factor A) from the cytoplasm into the nucleus, via a Rho-
dependentpathway[94].Cellsalsopossessmechanosensitive
ion channels that induce cellular ion ﬂuxes in response to
mechanical events, and it is likely that these channels will
contribute to the cellular response to nanotopography. A
model was proposed to explain the induction of signalling
events following interaction with nanopits and nanopillars,
in which a family of proteins that are sensitive to mem-
brane conformation detect the distension of the membrane
into nanopits, while its extension over nanopillars may
be sensed by the force-induced opening of ion channels
[95].
Direct mechanotransduction requires transmission of
force into the nucleus in order to exert a physical change.
In tensegrity theory, the cytoskeletal elements are described
in terms of their likely contribution to force transmission.
In this model, actin stress ﬁbres generate tension while
microtubules can bear compression. These opposing forces,
together with a contribution from the intermediate ﬁlaments
(such as vimentin and the nucleoskeletal lamins) provide
“prestress” to the cellular tensegrity structure [96]. The
cytoskeleton is physically linked to the nucleoskeleton via
bridging proteins including SUN (Sad1p-Unc-84) and the
nesprins [97]. On the nucleoplasmic side, DNA is physically
associated with the lamina, at sites called matrix attachment
regions (MARs). Kilian et al. (2010) used chemical surface
patterning to conﬁne cell morphology in an analogous man-
ner to surface topography, with angular patterns inducing
osteogenic diﬀerentiation, and rounded adhesive patterns
(printed in ﬂower or circular shapes) increasing adipospe-
ciﬁc diﬀerentiation [98]. Myosin II staining suggested that
cytoskeletal tension had been decreased in cells on rounded
patterns and enriched in cells on the more angular shapes.
Such diﬀerentials of tensile force could impact upon the
positioning of chromosomes, by unequal distribution of
mechanical forces onto the nucleus via attachment to the
nucleoskeleton. Similarly, the enclosure of multipotent stem
c e l l sw i t h i n3 Dg e l so fv a r i a b l es t i ﬀness containing adhesive
peptides modulated fate determination by aﬀecting the
extent to which the cells were able to cluster adhesive ligands,
and exert a contractile force upon the substrata [3]. Such
tension would be expected to aﬀect the nucleus, and ablation
experiments have suggested that heterochromatin is impor-
tant in the structural maintenance of nuclear architecture
[99]. Heterochromatin would probably also contribute to
force transmission from the cytoskeleton into the nucleus,
via its association with the nuclear lamina.Journal of Tissue Engineering 7
In general, the peripheral DNA at the edge of the nucleus
is comprised of such rarely transcribed—or transcription-
ally silent—heterochromatin, while the more frequently
expressed sequences are typically more centrally located.
Extraction experiments have supported a mechanical link
betweenchromosomesandnucleoli[100],andaninteresting
studywasperformedusingmicromanipulationofcells[101],
where pulling exerted at the peripheral cytoplasm resulted
in relocation of the nucleus and concurrent redistribution
of nucleoli. It was concluded that the force had been trans-
mitted between the interconnected cytoskeleton and nucle-
oskeleton.Theuseofnanotopographyasamechanoinducing
signal has the additional advantage that it is a noninvasive
stimulus, and thus cells are not damaged, unlike in such
traditional interventional approaches. FISH (Fluorescence
in situ hybridisation) was used to examine the centromeric
positioning of chromosome 3 in the interphase nuclei of
ﬁbroblasts cultured on nanocolumns [63]. Compared with
cells on planar controls, cells cultured on nanotopography
were less well spread, and had nuclei that appeared smaller
with more closely apposed centromeres. These alterations
are consistent with topography-induced direct mechan-
otransduction, as the authors proposed that the decrease in
nuclear surface area and interchromosomal distances on the
structured surfaces could be due to decreased cell spreading,
resulting in less taut cytoskeletons, lowered tensile forces and
reduced pulling on the nuclei. Chromosomal redistribution
has the potential to aﬀect gene transcription if the chromo-
somes are nudged, for example, from hetero- to euchromatic
regions of the nucleus. This would necessitate derepression
of silenced chromosomal regions, including relaxation of
condensed histones and/or removal of epigenetic marks for
gene silencing, with the addition of marks promoting gene
activity (discussed in [102]).
Recently, a number of models have been proposed
to explain how tension from focal adhesions could be
converted into gene- or protein-level eﬀects [103]. The
authors suggested that DNA might be subject to local
melting at MARs, allowing increased access for transcription
factors, or that matrix distension may inﬂuence the eﬀect
of transcription factors. Alternatively, the authors suggest
that tensile strain could directly modulate the assembly of
transcription factor complexes, or that nuclear pores could
be aﬀected, leading to alteration of mRNA transport. The
mechanical changes exerted by nanotopography will most
likely have multiple, synergistic eﬀects on the nucleus for
the enforcement of gene-level changes. It is also probable
that topography-invoked mechanotransduction will have
various outputs, acting at both the mRNA and protein levels
(Figure 3): (1) transcriptional, with the physical accessibility
of genes to transcription factors being altered, (2) post-
transcriptional, with eﬀects on mRNA splicing, editing or
transport, (3) translational, by altering protein production,
(4) post-translational, by rapidly altering the activity state
of proteins, and (5) conformational, with changes in protein
structure, composition of protein assemblies, and exposure
of cryptic binding sites.
In this complex interplay, the complementary nature
of direct and indirect (chemical signal-mediated) mechan-
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Figure 3: Summary of potential mechanical eﬀects of nanotopog-
raphy on a generic cell of mesenchymal origin. (1) Cell sensing of
the nanotopographical stimulus (black circles) is initiated at focal
adhesions (FA), with protein recruitment, force-induced changes
in protein conformation and binding at these sites, cytoskeletal
remodellingandindirectchemicalsignallingtothenucleus(arrow).
(2) Physical forces from the cytoskeleton, including tension from
actin stress ﬁbres (straight lines) and interactions between actin
and the intermediate ﬁlaments vimentin (wavy lines) and the
lamins (red) induce direct mechanotransductive eﬀects. Together
with signalling inputs, these changes may include redistribution
of chromosomes, nucleoli (A), and other nuclear components
(B), epigenetic changes to DNA (pink) and histones (yellow), and
accessibility of DNA to the transcriptional machinery (C). (3) Ion
channels and certain membrane proteins may also be responsive to
the nanofeatures, leading to ion ﬂuxes and additional signals. (4)
Thediameterofnuclearpores(redchannel)maybemanipulatedby
force from the cytoskeleton, potentially aﬀecting mRNA transport.
(5) Availability of mRNA, or other modulation of translation, could
alter protein production from ribosomes.
otransductioncanbeseen.Itwouldbeanticipatedthatdirect
mechanotransduction would account for most of the physi-
calchangesinthecell,suchasnuclearreshaping,redeﬁnition
ofchromosomalterritories,force-inducedchangesinprotein
conformation, and mechanical alterations (e.g., in nuclear
pore diameter) that might manipulate mRNA or protein
transport. Conversely, chemical signals (such as integrin-
linked signal cascades) would be expected to predominate
in inducing the rapid-response modiﬁcations in protein
activity state. Although one type of mechanotransduction
may dominate for a particular functional response, it seems
highly likely that the two pathways ultimately act to reinforce
each other to generate the complete and apposite cellular
response to nanotopography.
Appropriate mechanotransduction is crucial for tissue
developmentandfunction.Thisprinciplewaselegantlyillus-
trated in studies of substrate rigidity [2] and nanofeatures
[4, 5], with both types of mechanical stimuli implicated in
the fate determination of skeletal stem cells. Furthermore,
an increasing number of pathologies [104] are being linked
with defects in mechanotransduction. With the emergence
of mechanical stimuli as critical modulators of cellular
functionality, nanotopography should prove an excellent
tool for development of novel biomaterials capable of pro-
moting desirable cellular behaviour, discouraging unwanted
cell responses, and preventing or ameliorating pathological
changes.
3.3. Into the Proteome. T h ep r e v i o u ss e c t i o n sh a v ef o c u s s e d
ontheobservedandputativegene-levelandepigeneticeﬀects8 Journal of Tissue Engineering
of micro- and nanoscale topography on cells, speciﬁcally
stem cells. Naturally, diﬀerentiation also involves a change
to the protein proﬁle of the cells during the formation of
diﬀerent tissues with distinct functions. This is a critical
level of control, since proteins are the principle functional
eﬀectors in cells. The cellular proteome is deﬁned as the
protein proﬁle of the cell under a speciﬁc set of conditions.
This has recently been investigated in the context of stem
cell response to topography using a comparative approach
for assessing the global changes in abundance of protein
species between two or more conditions, termed diﬀerential
in gel electrophoresis, or two dimensional (2D)-ﬂuorescence
diﬀerence gel electrophoresis (DIGE). This technique, which
involves the high-resolution 2D separation of ﬂuorescently
labelled protein species using large format gels, has been
discussed in detail elsewhere, in the context of cell response
to topography and biomaterials [105].
In common with the results discussed for gene-level
eﬀects, DIGE studies of osteoprogenitor contact guidance on
a microgrooved substrate [106] and the osteogenic NSQ50
surface [20] were also supportive of roles for ERK signalling
in the response to topography. A number of distinct proteins
were observed to exhibit signiﬁcant changes in expression
between control and test surfaces that suggested that the cells
exhibited changes in protein proﬁle that were concurrent
with changes in osteoprogenitor phenotype. Many of the
observed diﬀerentially expressed proteins formed part of the
ERK1/2 pathway. In a preliminary study (Kantawong et al.,
our unpublished observations), 72 hours of osteoprogen-
itor elongation along microgrooves (12.5μm width, 2μm
d e p t h )p r o d u c e dc h a n g e si nl e v e l so fan u m b e ro fp r o t e i n s :
laminin binding protein, tropomyosin, myosin light chain
2, tumour protein translational control 1 (TPTC), 14-3-
3zeta, and annexin V. Expression of these proteins was
suggestive of higher proliferative activity, via activation of
ERK signalling, since expression of annexin V and 14-
3-3zeta are regulated by ERK1/2 [107, 108]. The 14-3-3
protein family are key regulators of cellular processes such
as proliferation, diﬀerentiation, senescence and apoptosis
[109]. After 4 weeks of culture on microgrooved PCL
(polycaprolactone), cells showed slower proliferative activity
[106], as suggested, for example, by the down-regulation of
ribonuclease/angiogenin inhibitor 1 (RNH1) [110], which
functions in binding and inactivating RNase I [111]. Similar
results were found following examination of the osteogenic
NSQ50nanotopography,withevidenceoftheinvolvementof
ERK signalling in downstream regulation of ERK-regulated
proteins (e.g., in the upregulation of Hsp70 [112], enolase
[113], nucleophosmin [114], osteonectin [115], thioredoxin
[116], and galectin-1 [117]). Increased levels of ERK-related
proteins went hand-in-hand with observations of rapid
mineralization on the topography [20], which conﬁrmed the
osteogenic nature of the NSQ50 topography at the protein
level.
The ERK1/2 MAPK pathway plays a central role in
c o n t r o lo fc e l lp r o l i f e r a t i o n[ 113, 118]. The regulation of the
G1-toS-phasetransitionisgovernedbytheconcertedaction
of cyclin-dependent kinases (Cdks) and their regulatory
cyclinsubunits.StrongactivationofERK1/2byconstitutively
active Ras or Raf causes cell cycle arrest in established cell
lines by inducing the expression of the Cdk inhibitor p21.
ERK signalling is thus regulated by a negative feedback loop,
bothinducingandretardingproliferation[119–121].During
bone repair, cells must rapidly proliferate to increase cell
numbers, and then cease proliferation almost completely,
to permit diﬀerentiation and formation of osteoid or bone.
Both phases are critical for successful bone repair from
a skeletal stem cell population. Proliferative control via
ERK1/2 is likely to be critical to the whole process, via
both negative and positive control mechanisms, and the
proteomic results from diﬀerentiating cells on topographi-
cally structured substrates were strongly suggestive of such
a central role for ERK signalling. Given the importance
of phosphorylation events in MAPK and other signalling
cascades, investigation of cell-topography interactions using
phosphoproteomics (reviewed in [122]), the study of global
protein phosphorylation, could be a particularly informative
mechanism for probing the signalling pathways in future
studies.
4.ClinicalRelevance: Challenges and
Applications
Nanotopographies can be designed to promote or reduce
cell adhesion and alter stem cell fate, all of which would be
useful attributes for a range of applications in regenerative
medicine, including orthopaedics and dentistry. Chemical
surface patterning of implants could induce these eﬀects,
but topographies should persist better than chemical mod-
iﬁcation on the devices. Indented features would also be
advantageous, as these would be less easily abraded during
surgery or in situ wear and tear. A combination of diﬀerent
topographies could be used to diﬀerentially functionalise
implants for distinct applications, or demarcate particular
“zones” within a single device. For the production of
orthopaedic implants, for example, this should have value
for increasing osseointegration in some regions that could
enhance implant ﬁxation, reducing postoperative loosening
and failure, while decreasing excessive in-growth into areas
that would result in damage to the surrounding bone during
surgical revision.
Nanotopographical surface features can be fabricated
to have a tightly controlled size and spacing. For surgical
applications, the features would need to be patterned
into clinically relevant materials, which can be technically
demanding. Pillar-like nanofeatures were successfully gener-
atedintitanium,however,usingathrough-maskanodisation
approach, and were osteoconductive to skeletal stem cells
[123]. Scaling up production of ordered nanotopographies
for the generation of whole devices presents logistical
challenges, particularly if the features are diﬃcult shapes to
manufacture,requiringprecisiontechniquessuchaselectron
beam lithography. More readily applied surface modiﬁcation
technologies, such as implant roughening by sand-blasting
[124], acid etching [125–127], or plasma immersion ion
implantation [128, 129], oﬀer a means to generate less
deﬁned arrangements of features of mixed sizes. While thisJournal of Tissue Engineering 9
can be a useful means of modulating cell adhesion and
osseointegration [124, 126, 127, 129], the irreproducible
nature of the features is likely to contribute to interimplant
discrepancies and variable success rates. Use of complemen-
tary micro- and nanotopographies should be valuable in the
development of more eﬃcacious prostheses. Hydroxyapatite
nanoparticles were used as a top layer on microroughened
titanium, for example, to increase osseointegration in a
rodent model [125].
Tighter control over feature dimensions should be use-
ful for improving the consistency of patterning between
implants. Techniques such as colloidal lithography could be
usefulfornanostructuringoflargeareasofdeviceswithmore
consistent topographies. In addition, chemical vapour depo-
sition (CVD) can be utilised to deposit nanoscale features
over large areas, in biocompatible materials such as dia-
mond. Nanocrystalline diamond (NCD) ﬁlms show promise
for promoting cell adhesion and stimulating osteoblastic
functions over certain ranges of nanofeatures [130], both
of which would be useful for orthopaedics. In addition,
NCD ﬁlms have been shown to stimulate diﬀerentiation of
neural stem cells [131], which could be valuable in nerve
regeneration. The use of growth factors, such as bone mor-
phogenicprotein-2(BMP-2)andtransforminggrowthfactor
beta-2 (TGF-β2) could also be useful as implant coatings
to stimulate bone formation [132]. The amalgamation of
smaller areas of bioactive nanotopographies with prosthesis
functionalisation by techniques such as CVD (potentially
in conjunction with growth factors) is likely to form an
intermediatestepduringthedevelopmentoftechnologiesfor
the translation of deﬁned nanotopographies from academic
research to implantable devices.
5. Conclusions
There is a wealth of accumulating evidence to demonstrate
that maintenance of the undiﬀerentiated state of stem cells
and the direction of stem cell fate can be modiﬁed by the
topographic substratum. Surface features are detected by a
variety of mechanosensors, including integrin-linked focal
adhesions, which respond to the mechanical constraints of
the surface by inducing signalling cascades, such as the
ERK-MAPK pathway. Physical pulling of the rearranging
cytoskeleton on the nucleus complements the chemical
signalling, and, together, such direct and indirect mechan-
otransduction can modulate nuclear components, altering
gene expression to direct stem cell responses and modifying
the cellular protein proﬁle concomitantly with the state of
diﬀerentiation.
The potential for the use of nanotopography as a
meansofinﬂuencingcellbehaviourandlineagecommitment
for scientiﬁc studies has obvious advantages in reducing,
abolishing, or even enhancing chemical inducers and feeder
layers. As our understanding of the molecular and whole-
cell responses of stem cells to topography increases, there
will be enormous scope for the creation of next-generation
materials possessing deﬁned features to tailor stem cell
fate and functioning to speciﬁc laboratory, industrial, and
therapeutic applications.
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